The genetics of zinc tolerance in Anthoxanthum odoratum was examined using the technique of pair crosses, and diallel analysis. Evidence is presented that the genetic control of zinc tolerance is (a) dominant and directional, (b) under a polygenic control system probably with a small number of loci involved, (c) not under any maternal influence. The parents have been shown to be highly heterozygous.
INTRODUCTION
THE occurrence of plants on heavy metal contaminated soils has been shown to be due to the evolution of specific heavy metal tolerant ecotypes, (Antonovics, Bradshaw and Turner, 1971) . It has been demonstrated that such ecotypes are physiologically different from non-tolerant plants with respect to both the uptake and the subsequent allocation of the toxic ions within the plant tissues (Turner and Gregory, 1967; Peterson, 1969; Turner and Marshall, 1972) .
However, investigations into the genetics of such tolerance mechanisms have been very limited. McNeilly and Bradshaw (1968) demonstrated that copper tolerance in a single populations of A. tenuis had a high heritability. Crosses performed by Wilkins (1960) on lead tolerant ecotypes of Festuca ovina, and by Broker (1963) on lead/zinc tolerant of Silene infiata, strongly suggested that heavy metal tolerance was dominant, but both authors considered that a major gene with two alleles could not explain the results they had obtained. However, in both cases, an insufficient number ofF2 progeny were analysed to enable them to detect whether or not tolerance was a polygenically controlled character.
The diallel analysis procedure as devised by Jinks (1954) , and Hayman (1954) , has previously been used for members of the Gramineae other than the cereals, mainly in studies concerned with pollen fertility (Sun and Rees, 1962 ) and seedling characters (Hayward and Breese, 1966) . However, Urquart (1970) applied the diallel analysis technique to the problem of the genetics of metal tolerance, and examined crosses made between lead tolerant plants of Festuca ovina. He was able to show from analysis of a 5 x 5 parental diallel, that the genetic control of tolerance was almost completely dominant with an additive component. Pederson (1971) has suggested that a diallel of at least 8 parental lines is necessary in order to obtain accurate estimates of genetic parameters.
In this present study, a 10 x 10 parental diallel and an 8 x 8 parental diallel were performed on zinc tolerant ecotypes of A. odoratum. Plants were taken into heated glasshouse conditions in March 1972. Under a 14-hour photoperiod (normal daylight being supplemented by 400 watt mercury vapour lamps) flowering occurred in April, and the following crosses were made at that time: 5 tolerant, 3 non-tolerant genotypes in all combinations, 8 x 8 diallel. 6 tolerant, 4 non-tolerant genotypes in all combinations, 10 x 10 diallel.
Crosses were made in 48 x 15 cm non-moisture-proof glassine bags with the bases of individual inflorescences wrapped in non-absorbent cotton wool. Two infiorescences of each genotype were used in each cross.
Infiorescences were bagged 24 hours prior to anthesis, and the bags removed after 7 days to allow a natural seed maturation process. Excessive humidity within the bags was avoided by removal of the flag leaves in both parents prior to bagging.
All genotypes were tested for selfing by isolating three inflorescences and checking subsequently for viable seed production.
Seeds were collected in July 1972, allowed to dry at room temperature, and planted in J.I. No. 2 compost in seed trays and grown in a heated glasshouse under a 14-hour photoperiod. After 8 weeks, ten F1 progeny of each cross, together with reciprocal F1 progeny, were taken at random and planted individually inJ.I. No. 2 compost in 14-cm pots and returned to the plastic greenhouse. The pots were arranged randomly within a single plot design.
After 12 weeks 20 tillers of each of the parents together with 20 tillers from four of each of the F1 progenies were tested for zinc tolerance at 7.5 p.p.m. zinc as a solution of zinc sulphate in deionised water.
Tiller testing was performed in a growth room at a constant temperature of 20° C., a relative humidity of 85 per cent, under continuous illumination provided by both fluorescent tubing and tungsten red filament bulbs.
(ii) Selected pair crosses
The following pair crosses were made in June 1971 using the method previously described:
High zinc tolerant x High zinc tolerant, High zinc tolerant x Non-tolerant, Medium zinc tolerant x Non-tolerant.
Twenty F1 progeny of each cross were grown individually in J.I. No. 2 compost in 14-cm pots. In April 1972, eight isolated polycrosses were set up amongst the F1 progeny.
Seed was collected from the three surviving polycrosses in May 1972, allowed to dry at room temperature, and sown in seed trays in a heated greenhouse. After 8 weeks, 30 F2 progeny of each cross were transplanted individually into J.I. No. 2 compost in 14-cm pots and placed in a plastic green house.
After a further 12 weeks, 20 tillers of each of the F2 progeny, both parents, and five of the F1 progeny, were taken and tested for zinc tolerance at 75 p.p.m. zinc in deionised water.
(iii) Diallel definition and assumptions A diallel crossing system may be defined as one in which n genotypes are chosen and intercrossed leading to n2 combinations. Although the parental material is usually inbred, outbreeding lines may be used.
A diallel table is an arrangement in a square of n2 observations from a set of diallel crosses among n parental lines. The rows and columns of the square correspond to the values of the offspring of each parent, while the n parents themselves form the diagonals of the Failure to meet any of these conditions will cause a characteristic disturbance of the array covariance/array variance regression, i.e. (Wr/ Vr) (Jinks, 1954 (Jinks, , 1956 Dickinson and Jinks, 1956 ).
(iv) Validity of assumptions 1. As tolerance was maintained unaltered in cultivation over a 2-year period, G x E interaction may be considered as an insignificant source of bias.
2. Anthoxanthum odoratum is an almost exclusively exogamous species, although some selfing has been reported by Antonovics (1 968a). It is very likely therefore to have a high degree of heterozygosity. From the Wr/ Vr graphs, it can be seen that all array points lie close to the limiting parabola, a characteristic disturbance associated with heterozygosity of the parental lines. However, in spite of this significant source of bias overestimating the additive component at the expense of the dominance component, the diallel may be analysed in the normal manner (Dickinson and Jinks, 1956) .
3. Jones (1964) reported that in meiotic analyses of A. odoratum, quadrivalent pairing was prevalent, with some associations of six, eight or ten chromosomes. Dessureaux (1959) has shown from a simulation of a one gene model of a diallel analysis in an autotetraploid that the regression of Wr or Vr is curvilinear and not of unit slope. In our experiment the regression of Wr on Vr did not depart significantly from unit slope, and disomic segregation is therefore assumed for zinc tolerance. In meiotic preparations it can therefore be assumed that the above items would not be a significant source of bias.
RESULTS
The data were analysed by the method described by Mather and Jinks (1971) , and the analysis of variance tables are shown in tables 1 and 2.
Array covariance/array variance results are presented graphically in figs. I and 2.
Selected pair cross results are presented in figs. 3 to 5 inclusive, together with potence ratio values (Wigan, 1944; Mather, 1946) 
Discussion
Since both diallel cross results are very similar, in spite of the fact that different genotypes were used in each, the results will be discussed together.
Additive genetic variance was shown by the significant a mean square item, while the significant b mean square item indicated a significant dominance component. Directional dominance for zinc tolerance was mine environments are both high and strongly directional, (Antonovics, Bradshaw and Turner, 1972) , it is perhaps not surprising to find that dominance is directional for zinc tolerance.
The significant b2 mean square item in the analysis of variance tables indicates varying numbers of dominant alleles in the parental lines. This fact is shown again in the selected pair cross data, where different values of the potence ratio (hid) are found in different crosses. The significant b3 mean square item indicates specific gene interaction which is equivalent to specific combining ability. However, since the two extremes of tolerance were being crossed, it is not surprising to find that the b2 mean square item was significant.
Neither the c nor d mean square items were found to be significant, showing the absence of maternal effects and inconsistent reciprocal differences. It has been mentioned earlier that the Wr/Vr regressions were not significantly different from unity. This is indicative of dominance, and the position of the array points along the Wr/ Vr graphs gives a measure of the relative number of dominant genes within the parental lines. The. parents with a greater frequency of dominant genes have a low convariance/variance value, and appear nearest to the origin, whilst parents with a low frequency of dominant genes have a high covariance/variance value, and appear furthest away from the origin.
From figs. 1 and 2 it can be seen that array points appear to fall into three groups, the non-tolerant parental lines appearing furthest away from the origin. Since the correlation of parental index of tolerance and Wr + Vr were significant in both cases (P<000l; fig. I , r = 095; fig. 2 , r = 0.96) dominance was directional for zinc tolerance. The clusters at the extremes of the Wr/ Vr regression may represent tolerant and non-tolerant genotypes which are the product of gene association in homozygotes. Such a situation is to be expected under disruptive selection such as has been shown to be responsible for the evolution of heavy metal tolerance in Anthoxantham (Antonovics and Bradshaw, 1970; Cook, Lefébvre and McNeilly, 1972) .
The degree of dominance may be judged from the intercept of the regression line with the Wr axis. However, since both Wr and Vr have an environmental component, the dotted axis should be considered. If dominance is complete, the regression line will intersect the Wr axis at origin. As can be seen from figs. 1 and 2, dominance is only partial with a Too high additive component. However, the bias introduced by the heterozygosity of the parental lines will tend to displace the regression line towards the limiting parabola thus underestimating the dominance component. Nevertheless, a high additive component may be expected on consideration of the population dynamics of A. odoratum at Trelogan as reported by Antonovics (1972) . He has shown that the mean half-life of tolerant A. odoratum is only 2 years. The population is thus subjected to both a continuous renewal and an introduction of new genetic variability at a high rate due to gene flow (Jam and Bradshaw, 1966; Antonovics, 1 968b) . Consequently heterozygosity and a high additive component of the total genetic variance might be expected.
The progeny derived from crosses between non-tolerant parents appears to be rather variable also. Non-tolerant material when crossed with other non-tolerant material may produce offspring with a tolerance level as high as 15 per cent. Such a store of variability seems to occur in the normal populations of species which can evolve tolerance (Walley, Khan and Bradshaw, 1974) .
The non-tolerant population must contain individuals which are heterozygous at different loci for zinc tolerance, although this tolerance is Index of tolerance not detectable at 75 p.p.m. zinc solution. On crossing such material, it is possible that different heterozygous loci may combine in the progeny conferring sufficient tolerance to be detected on testing (i.e. genetic cornplementation).
